Cochlear hair cells (HCs) are terminally differentiated cells that serve as mechanosensory receptor cells that convert sound stimuli into electric signals. These HCs are susceptible to damage from noise trauma, aging, and aminoglycoside ototoxicity. Although HC replacement occurs spontaneously in birds and lower vertebrates (Corwin and Cotanche, 1988; Ryals and Rubel, 1988) , the mature mammalian cochlea does not regenerate new HCs (Chardin and Romand, 1995; Corwin and Oberholtzer, 1997; Stone et al., 1998) . Therefore a loss of cochlear HCs is considered to be a major cause of hearing impairment.
Introduction
Cochlear hair cells (HCs) are terminally differentiated cells that serve as mechanosensory receptor cells that convert sound stimuli into electric signals. These HCs are susceptible to damage from noise trauma, aging, and aminoglycoside ototoxicity. Although HC replacement occurs spontaneously in birds and lower vertebrates (Corwin and Cotanche, 1988; Ryals and Rubel, 1988) , the mature mammalian cochlea does not regenerate new HCs (Chardin and Romand, 1995; Corwin and Oberholtzer, 1997; Stone et al., 1998) . Therefore a loss of cochlear HCs is considered to be a major cause of hearing impairment.
In the mouse cochlea, proliferation, mitotic exit, and cell type specification are all tightly coordinated to generate a functional auditory receptor. The cochlea is first evident as 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.05.001 an outgrowth of the ventral aspect of the murine otocyst by E11.5 at which time the stem/progenitors of HCs and supporting cells are in a mitotic phase. These progenitors exit the cell cycle between E12.5 and E13.5 (Ruben, 1967) to form a zone of non-proliferating cells within the lateral wall of the elongating cochlear duct (Chen and Segil, 1999) . Synchronization of cell cycle exit is dependent on the expression of p27 Kip1 , which remains highly expressed in differentiated supporting cells (Chen and Segil, 1999; Chen et al., 2002) . After E14.5, a wave of differentiation begins in the basal portion of the cochlea that patterns the post-mitotic prosensory area into a characteristic mosaic pattern of HCs and supporting cells (Lim and Anniko, 1985; Kelley, 2006) .
Stem/progenitor cells have been demonstrated in adult vestibular receptors (Li et al., 2003) , but have not been identified in the mature cochlea. Recent studies (Doetzlhofer et al., 2004; Zhai et al., 2005; White et al., 2006; Savary et al., 2007) have reported the purification of a population of HC progenitors from the early postnatal mouse cochlea but the molecular factors responsible for promoting self-renewal and formation of cellular spheres have not been demonstrated.
Hair cell differentiation requires the expression of Math1, the mammalian atonal homologue (Bermingham et al., 1999; Zheng and Gao, 2000; Shou et al., 2003) , and the proper patterning of the cochlea is governed in part by Notch-dependent cell-cell interactions (Lanford et al., 1999; Zine et al., 2000; Woods et al., 2004) .
In other systems, Notch signaling has been reported to underscore neural stem cell self-renew and maintenance of the progenitor cell state. Upon ligand binding, Notch receptors are activated by serial cleavage involving members of the ADAM protease family and by intramembranous cleavage regulated by gamma secretase. Intramembranous cleavage causes translocation of the intracellular domain of Notch (NICD) to the nucleus, where it acts on downstream targets, e.g. Hes1 and Hes5 genes (Ohtsuka et al., 1999; Kadesch, 2000; Fre et al., 2005) .
Abcg2 is a half-transporter also called Bcrp1, i.e. a member of the ATP-binding cassette (ABC) family of cell-surface transporter proteins. Unlike other ABC half-transporters, Abcg2 is expressed exclusively in the plasma membrane (Rocchi et al., 2000) and considered to be a universal marker of stem/ progenitor cells (Bunting, 2002; Alison, 2003) . Abcg2 is expressed by stem cells from several tissues with a pattern of distribution that supports the hypothesis that it maintains stem cells in an undifferentiated state (Zhou et al., 2001) .
In the experiments reported in our study, we observed that dissociated epithelial cells from the sensory epithelium from the cochlea of a postnatal day-3 (P3) mouse posses the ability to form spheres in the presence of EGF and/or TGFa that are composed primarily of Abcg2 positive cells. In these spheres, a subset of hair cell-like cells arose from mitotic progenitors and these cells displayed molecular markers that characterize differentiated HCs.
Modulation of Notch signaling on spheres formation through either the loss or gain-of-functions experiments demonstrates the potential involvement of Jagged1/Notch signaling pathway in maintaining Abcg2 cochlear stem/progenitor cells and promoting their sensory potential after in vitro differentiation.
2.
Results and discussion
The identification of HC progenitors in the postnatal mammalian cochlea (Doetzlhofer et al., 2004; Zhai et al., 2005; White et al., 2006; Savary et al., 2007 ) is of considerable interest because of their potential for replacing lost HCs after an injury to the organ of Corti. The evaluation of such potential requires characterization of phenotypic properties and cellular regulatory mechanisms of these progenitor cells.
We have used an in vitro system to characterize the conditions required for the isolation and culture of HC progenitors from early postnatal mouse cochlea. Visual inspection of the dissociated cochlear cells confirmed that the initial cultures contained no clusters of cells. Cultures just after plating did not immunostain for the presence of myosin VI (hair cell marker) indicating that the initial cell suspensions did not contain any mature preexisting HCs (data not shown). HCs from the initial preparation were excluded because they were either retained by the cell filtration strainers and/or killed during the enzymatic and mechanical cell dissociation procedure. In this in vitro system, Abcg2 positive progenitor cells formed spheres in non-adherent conditions in the presence of EGF/TGFa and generated hair cell-like cells when shifted to an adherent culture condition. These hair cell-like cells express several molecular markers that characterize differentiated HCs (i.e. myosin VI, myosin VIIa, math1, fimbrin and ability to uptake . Furthermore, we demonstrate that modulating the Notch signaling pathway affects the formation of spheres from dissociated progenitor cells in a context dependent manner.
2.1.
Dissociated cells from P3 mouse cochlear epithelium form cellular spheres in response to EGF and/or TGFa Starting between 2 and 3 days in vitro (DIV) in the 'nonadherent' culture condition, cells seeded at low density in the presence of EGF and/or TGFa proliferated and formed multicellular floating spheres (Fig. 1A) . Immunolabeling of these spheres after 6 DIV for Abcg2 (Bunting, 2002; Savary et al., 2007) showed that approximately 50% of the cells were positive for this epithelial progenitor cell marker (Fig. 1B-D ) (100 cells counted per experiment, n = 3). A typical culture composed of approximately 10 4 seeded cells after 6 DIV without growth factors contained 4 ± 2.08 spheres. In comparison, there were significantly more spheres formed (i.e. 41.25 ± 3.50) when the same density of dissociated cells were maintained in EGF/TGFa supplemented medium (p < 0.05, ttest analysis) (Fig. 1E ). We observed optimal sphere formation when cultures were maintained in medium supplemented with EGF/TGFa at a concentration of 20 ng/ml each. This effect of EGF/TGFa on sphere formation is consistent with previous studies that have implicated the EGF and TGFa family of growth factors in proliferation within sensory regions of mature utricles in vitro (Yamashita and Oesterle, 1995; Kuntz and Oesterle, 1998) and their effect on organ of Corti explants (Zine and de Ribaupierre, 1988) . To determine if dividing progenitor cells contribute to sphere formation, we incubated dissociated cell cultures with BrdU for 3 days beginning after 2 days post-plating. Immunostained spheres showed that 20.18% ± 6.89 of the cells had incorporated BrdU in the presence of EGF and 23.90% ± 7.19 were BrdU immunopositive when treated with TGFa In contrast, only 3.90% ± 2.09 of the cells in control culture spheres incorporated BrdU. The combination of EGF/TGFa in the medium had a partially additive effect which resulted in the highest percentage of BrdU-labeled cells/sphere (i.e. 30.18% ± 8.95 per sphere, n = 3 cultures) (Fig. 1F) .
After 5 DIV, approximately 60% ± 5 (n = 3) of the EGF/ TGFa supplemented cells which incorporated BrdU were immunopositive for Abcg2, indicating that these cells constitute the major proliferative compartment within the progenitor cell spheres grown in a non-adherent culture condition (Fig. 1G-J) .
In situ preparations of the P3 mouse organ of Corti (Fig. 1K -M) demonstrate that the Abcg2 is expressed by the supporting cells located below the HC layer (i.e., Deiters, inner phalengeal and border cells) which have been reported to act as HC progenitors after their purification using p27
Kip1
/GFP transgenic mice combined with flow cytometry and side population analysis (White et al., 2006; Savary et al., 2007) . Results from side population analysis experiments have demonstrated that dissociated cochlear cell cultures enriched for Abcg2 positive, quiescent supporting cells can be induced to divide in vitro by exposure to EGF/bFGF (Savary et al., 2007) . Expression of Hes5, another supporting cell marker (Zine et al., 2001) , in spheres at 2-3 DIV confirms that supporting cells constitute a substantial fraction of the cochlear cell dissociates used to produce our cultures.
2.2.
Cochlear progenitor cells in the spheres have the ability to form hair and supporting like-cells in vitro
We next examined whether cells included in progenitor cell spheres have the ability to express antigenic markers of the cells that compose Corti's organ, i.e., hair cell and supporting cell epitopes. We plated the spheres that had grown for 6 days in non-adherent culture in the presence of EGF/ TGFa on a poly-D-lysine substratum in serum-free culture medium (i.e. adherent condition) for an additional 5 DIV without growth factors. At the end of this culture period, double immunolabeling with anti-fimbrin and anti-p27
Kip1 antibodies revealed a subset of cells within the spheres that expressed hair cell (i.e. fimbrin positive cells) and supporting cell (i.e. p27 Kip1 positive cells) markers ( Fig. 2A-D) . In vivo, the HCs of the rat's cochlea develop characteristic stereocilia starting around E18 (Zine and Romand, 1996) which immunostain for the presence of the HC stereocilia marker, fimbrin (Zine et al., 1995) . We observed fimbrin positive-protrusions from some of the cells located at the periphery of the sphere cultures ( Fig. 2B ). Double labeling of the spheres confirmed that hair cell-like cells (i.e. fimbrin positive cells) were negative for p27 Kip1 (a support cell marker) and that adjacent cells not immunolabeled for the presence of fimbrin were immunopositive for p27 Kip1 (Fig. 2D ). This pattern of immunostaining within the spheres mimics to a limited extent the pattern of the cochlear epithelium development in vivo.
Sphere cultures immunostained with another HC marker (myosin VI) confirmed the presence of hair cell-like immunophenotypes ( Fig. 2E-G) . The appearance of fimbrin and p27
Kip1 positive cells in the same cultured sphere demonstrates that two cell types of Corti's organ were generated from a population of Abcg2 progenitor cells in vitro.
Cell counts taken from twenty randomly selected spheres from EGF/TGFa supplemented cultures after 5 DIV showed that approximately 4.90 ± 1.37 cells/sphere immunolabeled for myosin VI and about 13.40 ± 3.31/sphere were immunopositive for p27
Kip1 (n = 3 cultures); Fig. 2H ). The number of hair cell-like cells (i.e. 5 myosin VI positive cells/sphere) generated from postnatal cochlear dissociated cells is significantly lower than has been obtained from embryonic tissue which can generate individual spheres of up to 14 Math1 immunopositive cells/sphere (Doetzlhofer et al., 2004) . These results support the idea that the embryonic cochlea contains many more HC progenitors that are present in early postnatal mammalian cochlear epithelium as determined by in vitro analysis.
To distinguish between incorporation of preexisting HCs that may have been present in the initial cell suspension and the formation of new HCs from a progenitor cell, the initial cell suspension was cultured in the presence of EGF/TGFa and BrdU for 3 DIV in a non-adherent condition followed by 3 DIV in an adherent culture condition. In this culture paradigm, we observed a subset of BrdU positive cells within the spheres that immunolabeled for the presence of Math1, an early HC differentiation marker (Fig. 2I -L) indicating that these Math1 positive cells had also divided during the 6 DIV period of culture (n = 3 experiments). The vital dye FM1-43 (which is taken up by HCs; Gale et al., 2001 ) labeled a subset of cells in the spheres (Fig. 2M) .
Interestingly, previous studies reported that when supporting cells are induced to express Math1, they become hair cell-like cells (Shou et al., 2003; Zhai et al., 2005; Izumikawa et al., 2005) . This supports the contention that populations of Abcg2 expressing cells within the early postnatal cochlea are in a quiescent state and have progenitor cell properties.
Effects of Notch signaling modulation on sphere formation
Approximately 70% of Abcg2-positive cells within a typical sphere did not incorporate BrdU in the presence of either EGF or TGFa The demonstration that hair cell-like cells (30%) differentiating between 3 and 6 DIV in culture are labeled with BrdU suggests that post-mitotic cells known to be present in cochlear epithelium at the time of isolation differentiate along with those cells that are still dividing and in some way limit (i.e. via inhibitory interactions) the further proliferation of other progenitor cells. Such a scenario is consistent with the current model of cochlear development that involves Notch signaling and lateral inhibition (Lanford et al., 1999; Zine et al., 2000) . In our cultures there is reduced mitotic activity within the spheres suggesting that the factors which inhibit cell proliferation in situ are also present in vitro.
To examine the role of Notch signaling in regulating primary sphere formation, we treated cochlear cell dissociates with GSI, i.e. a known inhibitor of Notch signaling that blocks the cleavage of all four Notch receptors (Mizutani et al., 2001) . Dissociated cochlear cells grown under non-adherent culture condition treated with GSI (5 lM) at the time of plating resulted in a significant decrease in the expression of Hes5 transcription factor in these spheres (Fig. 3D-F ) compared to the level of Hes5 expression in spheres generated from cultures exposed to only the DMSO vehicle (Fig. 3A-C) . Hes5 is an effector gene of Notch signaling that is expressed in supporting cells of the mouse organ of Corti in vivo (Zine et al., 2001) .
Pharmacological inhibition of Notch signaling by treatment of cultures with GSI resulted in a significant (i.e. 10-fold) decrease in sphere formation when added to the medium at the time of plating (Fig. 4A) . Furthermore, spheres generated in GSI treated cell cultures displayed a significant reduction (p < 0.05) in sphere diameter ( Fig. 4A and C) compared to spheres generated in cell cultures treated with DMSO only (Fig. 4A and B) . The spheres found in DMSO treated cultures were densely packed and reached sizes of up to 105.66 ± 24.70 lm in diameter (n = 3 cultures). The GSI treatment had no significant effect on frequency of sphere formation or their size when added at 48 h after the initiation of the culture. This suggests that the effects of Notch activation on cells self-renewal ability occurs during the initial stages of sphere formation.
Our Notch inhibition experiments with GSI suggested that Notch signaling is involved in sphere formation in vitro; therefore, we tested whether activation of Notch signaling will increase the frequency of sphere formation in the cultures. We dissociated primary spheres and then exposed these dissociated cells to increasing concentrations of soluble Jagged1-Fc fusion protein in the medium. The action of recombinant Jagged1 fused to Fc (Jagged-Fc) is well characterized with regard to its effect on Notch signaling (Li et al., 1998; Nyfeler et al., 2005) . When Jagged1-Fc was added at the beginning of plating and maintained throughout the duration of culture, we observed a substantial dose-dependent increase in the number of secondary spheres generated in these treated cultures (Fig. 5) . The treatment of cultures with recombinant Fc protein alone did not significantly affect sphere formation when compared to untreated control cultures (p < 0.5). However, treatment with Jagged1-Fc protein resulted in a significant increase (p < 0.03) in the formation of secondary spheres that reached a maximum of 74.50 ± 26.70 spheres/per well (mean ± SD, n = 3 cultures) at a ligand concentration of 5 lg/ ml compared to treatment with Fc protein alone, i.e. 43.75 ± 18.28 spheres/per well (mean ± SD, n = 3 cultures) or untreated cultures, i.e. 47.90 ± 18.28 spheres/per well (mean ± SD, n = 3 cultures) with all of these secondary cell cultures grown in suspension for 6 DIV ( Fig. 5A-C) . This Jagged1-Fc dose-dependent initiated increase in the formation of secondary spheres suggests the involvement of Notch activation in these treated cultures.
Immunocytochemical analysis of these spheres showed enhanced expression of both Jagged1 and Notch1 when the cell dissociates from primary spheres were exposed to Jagged1-Fc (Fig. 6A-D) compared to expression of these epitopes in the spheres of GSI treated cultures (Fig. 6E-H) . In secondary spheres, Notch1 and Jagged1 proteins were very weakly expressed and were not detectable after GSI treatment corroborating the decrease in the expression of downstream effectors of Notch, i.e. Hes5, in spheres after GSI treatment of primary cultures. However, Jagged1-Fc treated cultures that were, double immunostained with anti-Jagged1 and Notch1 antibodies showed Jagged1 expressing-cells adjacent to Notch1 positive cells with some co-expression present in the cell membranes of a few cells within these spheres (Fig. 6A-D) . Our results also show that Abcg2 expression is maintained after primary sphere dissociation and passage where its expression colocalized with Jagged1 in some cells within the secondary spheres (Fig. 6I-L) . This co-expression of Jagged1 and Abcg2 in a defined cell population is another indication of their stem/progenitor cell status. To confirm the influence of Notch signaling on self-renewal of cochlear stem/progenitor cells, primary spheres were dissociated and cultured with Jag- ged1-Fc or Fc only proteins with the addition of BrdU. After 2 days of BrdU exposure, cells in the secondary spheres showed evidence of proliferation and expressed activated Notch1 (actNotch1). The actNotch1 represents the processed form of the intracellular domain of Notch1 cleaved by presenilin/gammasecretase activity is considered a cellular hallmark of Notch activation (Tokunaga et al., 2004) .
Analysis of immunolabeling revealed that actNotch1 is expressed in a subset of cells that includes proliferating cells (i.e. BrdU + ) in the secondary spheres (Fig. 7C, G and H) . We detected a high proportion of BrdU + cells expressing actNotch1
(arrow) in the spheres derived from Jagged1-Fc treated cultures ( Fig. 7E-H ) compared to labeling in the Fc only-treated cultures ( Fig. 7A-D) . These results suggest that immature cells that respond to stimulation of Notch signaling are the initiating cells of sphere formation capable of survival and proliferation in the non-adherent condition of our in vitro model. It has been previously demonstrated that interference with Notch signaling in organ of Corti explants with antisense oligonucleotides directed against the mRNA for either Notch1 or Jagged1 induced ectopic differentiation of HCs that originated from the conversion of supporting cells and/or the differentiation of sensory progenitor cells present in early postnatal mouse cochlea (Zine et al., 2000) .
Jagged1 treatment maintains cochlear stem/ progenitor cells and promotes their sensory potential in vitro
To test whether cochlear stem/progenitor cells retain their self renewing capacity after Jagged1-Fc exposure, we dissociated secondary spheres after 5 days post-treatment with either Jagged1-Fc or Fc alone. The spheres that formed contain progenitor cells that have maintained expression of the Abcg2, a stem/progenitor cell marker ( Fig. 8A and B) . Jagged1-Fc treated spheres retained the ability to express the Abcg2 following passages at least to the tenth generation spheres (see Fig. 9 ; Supplemental information, Fig. 10 ). Abcg2 continues to be expressed in cochlear stem/progenitor cells upon passages under suspension conditions (Fig. 9A-C) . All the spheres we tested from passaged cultures displayed Abcg2 immunopositive cells. At passage 9 culture, a fraction of about 30% ± 8.67 (mean ± SD; n = 3) of cells in the spheres were immunolabeled for Abcg2 with this labeling mainly in cells located at the periphery of the spheres (Fig. 9A-C and  G) . In addition, we found that the passaged spheres expressed Sox2 (Fig. 9B ) and Musashi 1 (Fig. 9C) , i.e. other stem/progenitor markers under the same suspension culture conditions. We observed that 60.75% ± 5.77 (mean ± sd; n = 3) of the cells express Sox2, the stem cell marker within spheres derived from the passage 9 cultures.
Consistent with the roles of Abcg2 and Sox2 in the maintenance of stem cell phenotype (Bunting, 2002 ; Wegner and Stolt, 2005), we found 24.37% ± 7.49 (mean ± SD; n = 3) of Abcg2-expressing cells co-expressed Sox2, a stem cell marker ( Fig. 9B and G) . Although, the Sox2, has been implicated in stem-cell maintenance, within the inner ear, Sox2 expression is progressively restricted from the full thickness of the sensory epithelia of the early labyrinth-E13 to the supporting cells during the postnatal period (Hume et al., 2007) .
In the in vivo organ of Corti, the supporting cells that border or are within the hair cell region i.e., Deiter's and pillar cells, in addition to the cells of the GER region express Jagged1 (Fig. 8G ). Previous studies (Lanford et al., 1999; Zine et al., 2000) have reported similar expression for the Notch1 in this population of supporting cells and suggest that Jagged1 functions through Notch1 signaling to maintain cells in an undifferentiated stage.
Additionally, the expression of Abcg2 (Fig. 1M) and Jagged1 (Fig. 8G) in the basal layer of the sensory epithelium that contains the supporting cells, i.e. Deiter's cells suggest that Abcg2 participates in the maintenance of cochlear stem/progenitor cells, under the regulation of Notch signaling. Recent evidence demonstrates that Abcg2 is one of the targets of Notch signaling; like Hes1 and Hes5, it is regulated through NICDmediated transcriptional activation and as such, constitutes one of the genes in the regulatory network of Notch signaling and is involved in the maintenance of retinal stem cells (Bhattacharya et al., 2007) .
We also assessed the differentiation potential of Jagged1-Fc-treated spheres after in vitro differentiation.
Secondary spheres treated for 5 DIV with soluble Jagged1-Fc plated on substrate-coated dishes retained the ability to generate hair cells and supporting cells indicating that the activation of endogenous Notch signaling by Jagged1 during the initial culture period of 5 days increased the potential for the differentiation of the sensory lineage within these treated spheres. Spheres grown in the presence of Jagged1 contained more hair cell-like cells under differentiation culture conditions (Fig. 8C and D) than those grown in the presence of Fc protein ( Fig. 8E and F) . Quantification of myosin VIIa positive cells in the differentiation assays (Fig. 8H) showed that the proportion of hair cell-like cells generated in these cultures (i.e. secondary spheres) increased by approximately 2-fold as a result of soluble Jagged1-Fc treatment as compared to the differentiation results from the Fc only treated spheres.
Moreover, the J1-treated spheres retain their ability to develop cells that expressed both hair cell (myosin VIIa) and supporting cell (p27 Kip1 and Sox2) markers in advanced cell passages ( Fig. 9D-F) . We found after 7 days of in vitro differentiation of spheres from the passage 9 culture, a fraction of 7.80% ± 4.21 of these cells immunolabeled for myosin VIIa, and about 41% ± 13.41 of these cells were immunopositive for p27 Kip1 ( Fig. 9H ; a support cell marker).
The cells which spread out from the differentiated spheres were mostly p27
Kip1 or Sox2 immunopositive cells ( Fig. 9D and E). The Abcg2 was down-regulated and undetectable by immunohistochemistry in these differentiated spheres confirming its potential role in cochlear stem/progenitor cell maintenance and sphere formation. Interestingly, it has been reported that Jagged1 may have two possible roles within the inner ear sensory epithelia: an early one, in which Jagged1 is involved in sensory progenitor cell development (Daudet and Lewis, 2005; Kiernan et al., 2006) , and a later one, in which this signal molecule plays a role in lateral inhibition probably by increasing activation of Notch in the supporting cells (Eddison et al., 2000; Zine et al., 2000) . Indeed, its expression pattern in the inner ear suggests the possibility of two roles because it changes from To confirm the role of Notch signaling in the self-renewal, primary spheres were dissociated and cultured for 6 DIV in a non-adherent condition with the medium supplemented with Fc protein (i.e. control) (A) and soluble form of Notch ligand, Jagged1-Fc fusion protein (B). Quantification of the total number of secondary spheres generated in the culture experiments as a function of Jagged1-Fc concentration (C). Sphere counts resulted in a sigmoid curve with a dose-dependent increase in the number of spheres derived from the dissociated primary sphere cultures as compared to either Fc treated or untreated control cultures. Shown is the number of secondary spheres/well that formed after 6 DIV in nonadherent culture wells (mean ± SD, n = 3 cultures). Scale bar = 100 lm in panels (A and B).
being expressed throughout the entire sensory region during early development to being expressed by just supporting cells during hair cell differentiation (Morrison et al., 1999) .
In our in vitro experiments the activity and role of Jagged1 seemed to fit with the early role of Jagged1 since the exposition to soluble Jagged1-Fc promoted the sensory potential of cochlear progenitors when plated under differentiation conditions.
Taken together, our findings suggest that Notch/Jagged1 signaling forms an important part of the maintenance pathway of the cochlea stem/progenitor cells and that this pathway may regulate Abcg2 positive stem/progenitor cells self-renewal and the formation of cellular spheres in vitro. Additional studies are needed to explore the relationship between the Abcg2 transporter and the Notch signaling pathway in the maintenance of the sensory stem/progenitor cells within the cochlear epithelium. This may shed more light on the mechanisms implicated in the production of hair cells and supporting cells in the in vivo developing cochlea. In addition, since the cochlea has been reported to progressively loose its capacity for sphere formation during the third postnatal week (Oshima et al., 2006) , it would be of great interest to explore whether the ability for sphere formation from cells harvested during later postnatal stages could be influenced by Notch signaling activation and/or overexpression of Abcg2. This study constitutes a useful step toward exploring the mechanisms of mammalian hair cell differentiation and regeneration. In particular, understanding the signaling pathways of maintenance and differentiation of inner ear stem/ progenitor cells may shed light on studies of hair cell differentiation and their replacement.
3.
Experimental methods
Dissociation of cochlear tissue
Twenty P3 mice were killed by decapitation and their cochleae excised. Stria vascularis and spiral ganglia were removed from each cochlea and the dissociated cochlear epithelia were placed in PBS (Ca 2+ , Mg 2+ free). Cochlear epithelia isolates were obtained by incubating the dissected specimens with 0.5 mg/ml of thermolysin (Sigma-Aldrich) in . (E-H) Secondary spheres exposed to GSI (2 lM). This treatment with GSI significantly decreased the level of Notch signaling in the secondary spheres as revealed by the lack of the expression of both Notch1 (red) and Jagged1 (green) in these treated spheres. (I-L) Secondary spheres exposed to Jagged1-Fc. To determine the progenitor nature of Jagged1-positive cells, analysis of double immunolabeling was carried out to co-localize stem/progenitor cell markers such Abcg2. The majority of cells within this secondary sphere expressed Abcg2 (red; arrowheads). A small proportion of Abcg2-positive cells (arrowhead) co-expressed Jagged1 (green; arrowhead). The merge image (L) indicates a progenitor cell that expresses both Jagged1 and Abcg2 (arrow). DAPI stained nuclei (blue) are seen in all panels. Scale bar = 25 lm.
DMEM-F-12 at 37°C for 20 min. After stopping the enzymatic reaction with 5% FCS in DMEM-F12 at 4°C the cochlear epithelia isolates were subsequently digested with a mixture containing 1500 U/ml collagenase and 10 U/ml dispase for 30 min at 37°C followed by several minutes of gentle trituration using a fire-polished Pasteur pipette. Cochlear tissue dissociates were sequentially sieved through 70 and 40 lm cell strainers (BD Falcon) to obtain a homogeneous cell suspension, analyzed microscopically for the presence of only single cells. This procedure resulted in approximately 3-4 · 10 5 viable single cells from 40 cochlear epithelium isolates.
The density and viability of dissociated cochlear cells were assessed on a hematocytometer using a trypan blue dye exclusion criteria.
Culture of cochlear spheres
Dissociated cochlear cells were examined for cellular sphere formation by employing the neurosphere assessment technique (Reynolds and Weiss, 1996; Gage, 2000) . For cellular sphere formation assay, 9,000-10,000 cells/well from the cochlear dissociated cells were plated onto poly-HEME (Sigma-Aldrich) coated 24-wells costar tissue-culture dishes, i.e. the non-adherent condition. Cells were grown in serum-free medium that consisted of DMEM-12 supplemented with N2 (Gibco), 20 ng/ml EGF or 20 ng/ml TGFa or a mixture of EGF/TGFa with each at 20 ng/ml (Sigma-Aldrich). After specified periods in the 'non-adherent' culture condition the generated spheres were transferred to 24-wells dishes coated with poly-D-lysine, i.e. an 'adherent' condition. The medium for culture in this adherent condition remained the same except without growth factors (i.e. no EGF or TGFa).
To label cells in S phase, BrdU (2 lM) was added to the medium 2 days after the initiation of non-adherent culturing. After 5 DIV, i.e. 3 DIV with BrdU, wells containing BrdU-labeled cultures were examined for fluorescence.
To label living hair cells-like cells in the spheres, cultures were bathed in 5 lM FM1-43 in culture medium for 20 sec at RT and then washed. Cultures were analyzed using both DIC and fluorescence microscopy.
3.3.
Immunostaining and cell counts
Lineage composition of the cellular spheres was assessed with cultures fixed on plates for 20 min in 4% paraformaldehyde and then stained with one or more of the following primary antibodies: rabbit anti-Abcg2 , mouse anti-myosin VI (Affinity BioReagent), rabbit myosin VIIa (Proteus BioSciences), rabbit anti-Hes5 (Chemicon), rabbit anti-fimbrin (P. Matsudaira, Whitehead Institute, MA), mouse-anti-p27
Kip1 (Neomarkers) and goat anti-Sox2 (Santa Cruz Biotechnology). After staining with secondary fluorescent-tagged antibodies (Jackson Immunoresearch), cultures were analyzed with a Leica fluorescence microscope. Quantification of immunolabeling was performed by counting myosin VI and p27
Kip1 positive cells in each cellular sphere (20 spheres, ranging from 50 to 100 lm in diameter depending on the time in culture were counted for each experimental condition). The results were expressed as mean labeled cells per sphere ±SD (n = 3 independent experiments). BrdU positive cells were expressed as the percentage of labeled cells/sphere ±SD (n = 3 independent experiments). Statistical significance was determined using Student's t-test with p value of <0.05 considered significant. 
3.4.

Treatment with Notch antagonist
For gamma-secretase inhibitor (GSI) experiments, cochlear dissociated cells were cultured in medium with EGF/TGFa, supplemented with either only dimethyl sulfoxide (DMSO; solution control, 1 lL/ml) or with GSI type I (Calbiochem) in DMSO at a final concentration of 5 lM. Medium was exchanged every 2 days with GSI-medium for the duration of the culture (i.e. 6 DIV).
Direct evidence that GSI blocks the cleavage of the intracellular domain of Notch1 in vitro has previously been reported (Shimazaki et al., 2001) . Initial series of GSI concentrations determined that 5 lM of GSI in the medium provided optimal inhibition with no evident toxicity to the cellular spheres after 6 DIV.
Counts were performed for each individual experiment (n = 3) by analyzing the total number of spheres. To avoid as much as possible counting dying small aggregates of cells, we limited the counting to the spheres which exhibit intact nuclei and cell membranes visualized under high magnification.
3.5.
Treatment with a soluble Jagged1-Fc
Primary free floating spheres were dissociated to single cells by digestion with 0.25% trypsin/0.53 mM EDTA (InVitrogen) at 37°C for 15 min and re-suspended in a medium containing either recombinant rat Jagged1-Fc proteins (R&D Systems) or Fc (control treated) and plated at a density of 1 x 10 4 cells per well of a 24-well plate in a volume of 350 lL. Recombinant Fc only protein (5 lg/ml) were added to the culture medium in the absence of Jagged1-Fc to control for any possible non-specific effects of the Fc protein. Cell dissociates from primary spheres were incubated with Jagged1-Fc at concentrations that ranged from 0.2 to 5 lg/ml for the duration of the culture period (i.e. 6 DIV). Secondary, tertiary and subsequent sphere formation until passage 9 cultures occurred within 6 days of plating the cells (supplemental material, Fig. 10 ).
The total numbers of spheres generated in these cultures were obtained from 3 independent experiments. Because it was sometimes difficult to distinguish between small spheres and dying cell aggregates, only spheres larger than 50 lm in diameter were counted.
BrdU (2 lM) was added to cell dissociates derived from the primary spheres during the last 2 days of the 6 DIV culture period. The spheres generated in these cultures were stained with anti-Jagged1 (C-20, Santa Cruz Biotechnology), antiNotch1 (M-20) raised against the C-terminal fragment of the mouse Notch1 protein (M-20, Santa Cruz Biotechnology) and anti-activated Notch1 (actN1, Cell Signaling Technology) that detects the intracellular domain (ICD) of Notch1. The actN1 recognizes the cleavage site of Notch1, at which N1 ICD is generated.
